STIMULATION DEVICE WITH STIMULATION OUTCOME MONITORING 



[0001] The invention concerns a device for electrostimulation of body tissue, 
in particular a cardiac pacemaker. The electrostimulation device has an energy 
source for providing electrical stimulation energy, an electrode connection for 
connecting a stimulation electrode for the delivery of electrical stimulation pulses 
and a switch with which the energy source is connected to the electrode connection 
for the delivery of a stimulation pulse. The electrostimulation device further has a 
means for stimulation outcome monitoring. In addition the electrostimulation device 
includes a short-circuit switch with which the electrode connection after delivery of 
the stimulation pulse is to be at least indirectly connected to a ground potential in 
such a way that in the case of a connected and implanted electrode line a 
capacitance can be discharged by way of the body tissue and a ground electrode in 
such a way that a short-circuit current flows through the body tissue, wherein the 
capacitance includes at least one Helmholtz capacitance which occurs on the 
surface of the stimulation electrode in conjunction with surrounding body fluid or 
body tissue. The electrostimulation device also includes a control unit which is 
connected at least to the first switch and the short-circuit switch for switching over 
those switches and is adapted to separate the electrode line connection from the 
energy source after delivery of the stimulation pulse and at least indirectly connect 
it to the ground potential. 

Background of the Art 
[0002] Electrostimulation devices of the above-specified kind are already 
known in particular in the form of implantable cardiac pacemakers. Such 
pacemakers in the implanted and operable condition are usually connected by way 
of an electrode line of the above-specified kind to an electrode disposed in the 
heart and adapted to deliver electrical stimulation pulses to the heart by way of the 
electrode. Those stimulation pulses serve to excite the heart tissue or myocardium 
and depending on the respective kind of pacemaker are delivered in particular when 
the heart does not contract naturally at the right time. A contraction is then caused 



by an electrical pulse which is delivered to the myocardium. If that electrical pulse 
is of sufficient magnitude, it has the effect that the heart muscle tissue is locally 
depolarised and correspondingly contracts. Depolarisation and contraction of the 
heart muscle tissue is intended to extend over all of the stimulated heart muscle 
and thus lead to the desired contraction of the corresponding chamber of the heart. 

[0003] The corresponding electrical stimulation pulse must be of a stimulation 
intensity which is above a respective stimulus threshold of the heart muscle tissue. 
In that respect the stimulus threshold is a measurement in respect of the minimum 
stimulation intensity which is sufficient to cause depolarisation of the myocardium 
and thus a contraction of a respective chamber of the heart. The stimulus threshold 
depends on various factors and in addition is also variable under some 
circumstances with the passage of time. With the requirement of delivering a 
stimulation pulse of adequate stimulation intensity, there is also the need to 
minimise the energy to be applied for a stimulation pulse. That energy is usually 
taken from a battery of the cardiac pacemaker which becomes exhausted as time 
passes. When that battery is exhausted an implanted cardiac pacemaker has to be 
replaced by a new one in an operative procedure. It is therefore desirable for the 
cardiac pacemaker to have the longest possible operating time and thus for the 
battery to have the longest possible service life. In addition the energy for a 
stimulation pulse should also therefore be as low as possible but sufficient to 
stimulate only the myocardium but not surrounding muscle tissue. 

[0004] There is therefore on the one hand the requirement that the intensity 

of stimulation of a stimulation pulse must suffice to trigger a contraction of the 

heart muscle tissue. A higher level of stimulation intensity, with other influencing 

parameters unaltered, entails a higher degree of energy consumption. The 

stimulation intensity depends on the one hand on the duration of a stimulation 

pulse and on the other hand on the strength of a stimulation pulse. The strength of 

a stimulation pulse in turn depends on the electrical voltage with which a 

stimulation pulse is delivered to the heart muscle tissue. Therefore, a higher level 

of stimulation intensity usually also results in a higher degree of energy 
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consumption. In order to achieve reliable stimulation of the heart muscle tissue, 
stimulation pulses are regularly delivered, which from the point of view of energy 
cost rather more energy than would be necessary as a minimum. 

[0005] On the other hand, there is a need for the energy consumption per 
stimulation pulse to be kept as low as possible as that energy is taken from a 
battery of the cardiac pacemaker, which in that way becomes exhausted. 
[0006] There is therefore the need to satisfy the requirements for a level of 
stimulation intensity which is as low as possible and at the same time regular 
successful stimulation, by optimisation of the stimulation intensity. For that 
purpose, it is known from the state of the art, for example from US patents Nos 5 
350 410, 5 411 533, 5 431 639 and 5 674 254, after delivery of a stimulation 
pulse, to detect the stimulation outcome (capture) (this being referred to as 
capture recognition), in order to trigger a back-up stimulation pulse if possible in 
the event of a defective stimulation outcome or capture. 

[0007] It is also known for a stimulation outcome to be detected by detecting 
the impedance of the heart muscle tissue. In this connection attention is to be 
directed to US patents Nos 5 713 933, 5 735 883 and 5 766 230, and European 
patent application No 0 399 063. 

[0008] In spite of the many known proposals for stimulation outcome 
monitoring and for automatically adapting the stimulation pulse intensity, there is 
still the need for a device which is reliable in that respect. 

[0009] The object of the invention is to afford a suitable device at least as an 
alternative to the known state of the art. 

Summary of the Invention 

[0010] In accordance with the invention that object is attained by an electrical 

stimulation device of the kind set forth in the opening part of this specification, in 

which the means for stimulation outcome monitoring, at least after delivery of a 
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stimulation pulse, is connected to the electrode connection and is adapted to detect 
the configuration in respect of time of a voltage at the capacitance after delivery of 
the stimulation pulse or of the short-circuit current flowing by virtue of said voltage 
or a further parameter linked to one of said parameters. The invention therefore 
aims to short-circuit a capacitance which is charged during delivery of a stimulation 
pulse - whether it is the Helmholtz capacitance which is formed on the surface of 
the stimulation electrode or another capacitance - after delivery of the stimulation 
pulse by way of the heart muscle tissue and to detect the corresponding short- 
circuit voltage or the short-circuit current or a parameter derived therefrom for 
determining the myocardium impedance. 

[0011] An advantage of that stimulation outcome monitoring procedure is that 
the result of the outcome monitoring operation can be attained in a very short time 
so that a back-up pulse is to be triggered in a very short time in the event of a lack 
of stimulation success. 

[0012] A preferred electrostimulation device is one in which the means for 
stimulation outcome monitoring is adapted to detect a corresponding drop in the 
configuration in respect of time of the detected voltage or a rise in the short-circuit 
current or a corresponding change in the linked parameter. That preferred means 
for stimulation outcome monitoring is thus so designed that it detects a stimulation 
outcome on the basis of a temporary and short-term characteristic drop in the 
myocardium impedance, which leads to a corresponding drop in the short-circuit 
voltage or a rise in the short-circuit current. Such a short-term drop in the 
myocardium impedance is a sign of successful, that is to say super-threshold 
stimulation of the heart muscle tissue. The terms 'super-threshold' on the one hand 
and 'sub-threshold' on the other hand characterise stimulation pulses which on the 
one hand are of a sufficient intensity to cause a contraction of the heart muscle 
tissue or on the other hand are not of sufficient intensity for successfully 
stimulating the heart muscle tissue. 
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[0013] In a preferred embodiment of the electrostimulation device the 
capacitance includes a coupling capacitor which is connected into circuit when the 
short-circuit switch is closed between the electrode connection and the ground 
electrode. Such a coupling capacitor is usually employed in cardiac pacemakers to 
produce, after delivery of a stimulation pulse, a flow of current in the opposite 
direction through the myocardium so that pure ac stimulation of the myocardium 
takes place and direct currents are avoided. For that purpose during the delivery of 
a stimulation pulse the coupling capacitor is connected in series with a reservoir 
capacitor and the electrode for delivery of the stimulation pulse. The reservoir 
capacitor contains the energy for the stimulation pulse. It is delivered to the 
myocardium by way of the coupling capacitor and electrodes. In that situation the 
coupling capacitor is charged by way of the stimulation pulse. After delivery of the 
stimulation pulse the coupling capacitor is short-circuited by way of the 
myocardium so that the above-mentioned flow of current through the myocardium 
takes place, which is in the opposite direction to the flow of current during delivery 
of the stimulation pulse. That flow of current through the myocardium after delivery 
of the stimulation pulse is detected by the means for stimulation outcome 
monitoring and evaluated in regard to an impedance breakdown in the 
myocardium. 

[0014] For the last-mentioned purpose the means for stimulation outcome 
monitoring is preferably so arranged and designed that it detects the voltage at the 
coupling capacitor. 

[0015] Irrespective of the presence of a coupling capacitor, that is to say even 
when the capacitance in question is the Helmholtz capacitance which is formed on 
the surface of the stimulation electrode, the means for stimulation outcome 
monitoring is preferably connected in such a way that it detects the current 
strength of the short-circuit current or the voltage at the electrode connection, 
which is applied at the capacitance. 
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[0016] If a coupling capacitor is provided, the means for stimulation outcome 
monitoring is suitably connected in such a way that it detects the current strength 
of the short-circuit current or the voltage applied at the capacitance, between the 
coupling capacitor and the electrode connection. 

[0017] In order to detect the above-discussed short-term reduction in 
myocardium impedance as an indication of successful stimulation, the means for 
stimulation outcome monitoring preferably includes a differentiating member for 
differentiating the detected voltage or the detected current strength. In a 
particularly preferred alternative embodiment that differentiating member is 
connected to a threshold value detector in such a way that the means for 
stimulation outcome monitoring detects a drop in the detected voltage, which is 
above a predetermined limit value, more particularly preferably by detecting when 
the derivative of the detected voltage falls below a threshold value. 

[0018] A particularly preferred embodiment of the means for stimulation 
outcome monitoring is one which by means of the differentiating member generates 
a derivative of the detected voltage and for example standardises it by division to 
the detected voltage. The signal generated in that way is then analysed in relation 
to a threshold criterion. 

[0019] Irrespective of the details of the means for stimulation outcome 
monitoring, that means is preferably connected to a timer which is to be started 
with the delivery of a stimulation pulse and which ascertains the period of time up 
to the detection of stimulation outcome. That embodiment is based on the 
realisation that the extent to which the stimulation pulse is super-threshold is to be 
derived from the period of time between the delivery of a stimulation pulse and the 
occurrence of the stimulation outcome. With a minimally sufficient stimulation 
intensity, the time interval between the delivery of the stimulation pulse and the 
occurrence of the stimulation outcome is greater than when the situation involves a 
stimulation intensity which is considerably greater than the minimally required 
level. 



[0020] In accordance with the above-indicated realisation, a preferred 
embodiment of the electrostimulation device is one in which the timer outputs a 
time signal corresponding to the time duration between the delivery of a stimulation 
pulse and the occurrence of the stimulation outcome, and is connected to a 
stimulation strength control unit which responds to the time signal and causes 
adjustment of the strength of the stimulation pulse (the stimulation pulse intensity) 
in dependence on the time signal. 

[0021] In a particularly preferred alternative configuration the stimulation 
strength control unit is adapted to control the intensity of a stimulation pulse in 
dependence on the time measured by the timer upon the delivery of a preceding 
stimulation pulse, in such a way that said time is maximised within a predetermined 
time window. 

[0022] In conjunction with all the above-described embodiments it is 
advantageously provided that the ground electrode is formed by a housing of the 
electrostimulation device or a surface portion of said housing. 

[0023] The energy source of the electrical stimulation device preferably 
includes a reservoir capacitor and particularly preferably a charge pump for 
charging the reservoir capacitor. Control of charging of the reservoir capacitor and 
delivery of the stimulation pulse is preferably implemented by switches which are 
so designed and are to be connected to the reservoir capacitor that the reservoir 
capacitor is connected to the electrode connections, for charging with the charge 
pump and for delivering a stimulation pulse. 

[0024] Further details of preferred configurations are to be found in the 
description hereinafter of an embodiment by way of example. 

Brief Description of the Drawings 
[0025] The embodiments by way of example are described in greater detail 

hereinafter with reference to the drawings in which: 
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[0026] Figure 1 shows a diagrammatic view of the essential components of an 
electrostimulation unit and an electrical equivalent circuit diagram for an electrode 
line connected to the stimulation unit and the myocardium communicating with the 
electrostimulation unit and the electrode line, 

[0027] Figure 2 shows a diagrammatic view of a means for stimulation 
outcome monitoring of the electrostimulation unit of Figure 1, 

[0028] Figure 3a shows an example of a signal which occurs upon successful 
stimulation at the input of the means for stimulation outcome monitoring, 

[0029] Figure 3b shows a view on an enlarged scale of a portion of the signal 
from Figure 3a, and 

[0030] Figure 4 shows examples of signals which are derived from the signal 
of Figure 3 within the means for stimulation outcome monitoring. 

Detailed Description of a Preferred Embodiment 
[0031] Shown in Figure 1 to the left of the left-hand broken line is a 
diagrammatic view of an electrostimulation unit such as for example an implantable 
cardiac pacemaker, cardioverter or defibrillator. 

[0032] Illustrated between the two broken lines is an electrical equivalent 
circuit diagram for an electrode line 12 connected to the electrostimulation unit 10. 

[0033] Shown to the right of the right-hand broken line in Figure 1 is an 
equivalent circuit diagram for the heart muscle tissue 14 (myocardium) which is 
electrically connected to an electrode of the electrode line 12 and a neutral or 
ground electrode 16 of the electrostimulation unit 10. 

[0034] The essential components of the electrostimulation unit 10 are an 
energy source 20 which usually includes a charge pump (not shown), a reservoir 



capacitor 22, a coupling capacitor 24, a control unit 26 and a means 28 for 
stimulation outcome monitoring. 

[0035] The energy source 20 is generally in the form of a charge pump with 
which it is possible to produce an adjustable voltage which can also be over the 
output voltage of a supply battery. The symbol in the drawing thus represents a 
supply battery with downstream-connected charge pump. 

[0036] The reservoir capacitor 22 is connected by way of a switch SI to the 
energy source 20 in such a way that it is connected in parallel with the energy 
source 20 and is charged thereby. 

[0037] In addition the reservoir capacitor 22 is to be connected by way of a 
switch S2 by way of the coupling capacitor 24 to the electrode line 12 for the 
delivery of a stimulation pulse to the myocardium 14. 

[0038] Besides an ohmic electrode resistance 30 the electrode line has a 
Helmholtz capacitance 32 which is formed in known manner on the surface of a 
stimulation electrode. Upon the delivery of an electrostimulation pulse with the 
switch S2 closed and the switches SI and S3 open the coupling capacitor 24 is 
connected in series into the Helmholtz capacitance 32. 

[0039] Prior to delivery of an electrostimulation pulse to the myocardium 14 
the reservoir capacitor 22 is firstly charged up by the switch SI being closed. The 
switch SI is then opened and the switch S2 closed for the delivery of the 
electrostimulation pulse. The reservoir capacitor 22 is then discharged by way of 
the coupling capacitor 24 and the electrode line 12 with its Helmholtz capacitance 
32 and by way of the myocardium 14. For that purpose the reservoir capacitor 22 is 
connected on the one hand to the electrode line 12 and on the other hand to a 
neutral electrode which is in the form of a ground electrode 16 and is electrically 
connected to the myocardium 14. The neutral electrode can be formed for example 
by a cardiac pacemaker housing so that the electrostimulation pulse is unipolarly 



delivered. The neutral electrode however can also be formed by a separate 
electrode on the electrode line 12 so that the electrostimulation pulse is delivered in 
bipolar mode. 

[0040] After delivery of the electrostimulation pulse the switch S2 is opened 
again and the switch S3 closed. In that way the coupling capacitor 24 is short- 
circuited by way of an ohmic resistor 34 and the neutral electrode 16 on the one 
hand and by way of the electrode line 12 and the myocardium 14 on the other 
hand. That so-called autoshort of the stimulation electrode by closing the switch S3 
causes discharging of the Helmholtz capacitance 32 formed by the interface 
between the electrode 16 and the body tissue and permits sensing after delivery of 
the stimulation pulse. In that respect the term sensing is used to denote the 
detection of electrical potentials in the myocardium, as are also recorded for 
example for an intracardial electrocardiogram. 

[0041] Therefore, for the delivery of an electrostimulation pulse the switches 
SI, S2 and S3 are successively closed and opened again in that sequence, before 
the next switch is closed. Closing and opening of the switches SI, S2 and S3 is 
produced by the control unit 26. 

[0042] The means 28 for stimulation outcome monitoring is electrically 
connected to an electrode line connection 36 disposed between the coupling 
capacitor 24 and the electrode line 12. The means 28 for stimulation outcome 
monitoring is adapted to detect the voltage at the electrode line connection 36 in 
relation to the ground potential and for that purpose it is connected to the neutral 
electrode 16. 

[0043] Detection of the voltage at the electrode line connection 36 for the 
purposes of stimulation outcome monitoring can be effected both during the 
delivery of an electrostimulation pulse with the switch S2 closed and the switch S3 
open and also after delivery of the electrostimulation pulse with the switch S2 open 
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and the switch S3 closed. The case which is of interest here is the last-mentioned 
one. 

[0044] In specific terms for example at the time t = Is a stimulus of 2.4 V is 
delivered, that is to say S2 is closed. The stimulus is 0.5 ms long, then S2 is 
opened again and at the same time S3 is closed for autoshort purposes. The 
autoshort time is 10 ms long, thereafter S3 is open again. During the discharge 
depolarisation occurs after 5 ms, the membrane resistance abruptly changes for 1 
ms. In the voltage pattern, that is expressed in terms of an altered time constant in 
respect of discharge. After depolarisation however the electrode is discharged with 
the original time constant to another level. The curve therefore produces a slight 
jump. 

[0045] The means 28 for stimulation outcome monitoring is connected to the 
control unit 26 and delivers a respectively different signal to the control unit 26, 
depending on whether the means 28 for stimulation outcome monitoring has or has 
not detected successful electrostimulation. If, after the delivery of a stimulation 
pulse on the part of the means 28 for stimulation outcome monitoring, there is no 
signal at the corresponding input of the control unit 26, the control unit 26 
implements automatic adaptation of the stimulation pulse intensity by increasing 
the pulse voltage or by prolonging the pulse duration. 

[0046] In that respect the control device 26 can be so designed that, in the 
absence of a signal characterising a stimulation success, on the part of the means 
28 for stimulation outcome monitoring, a second stimulation pulse of greater 
energy is immediately delivered as a back-up pulse. 

[0047] Detection of a stimulation outcome by the means 28 for stimulation 

outcome monitoring is effected by evaluation of the voltage applied at the electrode 

line connection 36. Upon successful electrostimulation that voltage briefly breaks 

down as in the event of successful stimulation the impedance of the myocardium - 

shown in Figure 1 by a parallel connection of a capacitance 40 and a variable ohmic 
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resistance 42 - temporarily changes in such a way that the ohmic resistance 42 of 
the myocardium decreases for a moment because the ion channels, in particular the 
sodium channels of the muscle cells, open. That dip in impedance is detected by the 
means 28 for stimulation outcome monitoring and evaluated in such a way that the 
means 28 for stimulation outcome monitoring delivers a signal characterising 
stimulation success, to the control unit 26. 

[0048] As the effects of the change in membrane resistance are slight 
depolarisation can possibly only be detected with difficulty from the configuration of 
the discharge voltage itself. In order better to recognise the jump in the time 
constant, the curve can be differentiated (Figure 4, curve a) or the differentiated 
curve can additionally also be divided by the initial curve (Figure 4, curve b). 

[0049] In a preferred embodiment the means 28 for stimulation outcome 
monitoring detects both the voltage between the neutral electrode 16 and the 
electrode line connection 36 by way of a voltage measuring unit 50 (see Figure 2) 
and also the derivative of that voltage with respect to time. For that purpose a 
differentiating member 52 is connected downstream of the voltage measuring unit 
50. The derivative of the detected voltage is standardised to the detected voltage 
by way of a dividing member 54. For that purpose the dividing member 54 receives 
both the output signal from the differentiating member 52 at an input E2 and also 
the voltage detected by the voltage measuring unit 50 at an input El of the dividing 
member 54. In the dividing member 54 the value at the input E2 (the derivative of 
voltage with respect to time) is divided by the value at the input El (the detected 
voltage). The signal at the output of the dividing member 54 is passed to a 
threshold value detector which is formed by a comparator 56 and a threshold value 
memory 58. If the output value of the dividing member 54 exceeds the 
comparative value stored in the memory 58, that is an indication of successful 
electrostimulation. Accordingly, a signal characterising stimulation success occurs at 
the output of the comparator 56 which is at the same time the output of the means 
28 for stimulation outcome monitoring. 
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[0050] Analysing the derivative of the voltage at the means for stimulation 
outcome monitoring also provides de facto for determining the time constant for 
discharge of the coupling capacitor 24 and/or the Helmholtz capacitance 32 which is 
calculated as t = R • C, that is to say from the product of the respective capacitance 
with ohmic tissue resistance plus possible further resistances such as the resistance 
34. 

[0051] In a preferred embodiment therefore the means 28 for stimulation 
outcome monitoring is adapted to determine the time constant of the R-C circuit 
which is operative when the short-circuit switch S3 is closed, and to evaluate it by 
threshold value comparison. 

[0052] In individual cases, if it is assumed that all capacitances and 
resistances determining the discharge are combined together in a time constant T, 
the following is afforded for the autoshort voltage: 

V ut0 (t) = V 0 e^ • that is to say %^tt^- = * thus inversely proportional to the 

time constant. After that conversion of the signal it is possible to determine a 
variation in the time constant, for example with an adaptive threshold value 
process. When such a process is adopted for example a sliding mean value of the 
derived and standardised curve is formed. If a value of that curve exceeds the 
sliding mean value by a predetermined threshold value a change in the time 
constant is recognised. 

[0053] A stimulus is thus recognised as effective if a variation in the discharge 
constant in a given time window is detected. The stimulus is assessed as being 
ineffective if that variation fails to appear. In that case a safety pulse is delivered 
and for example the pulse amplitude increased in accordance with a capture control 
algorithm. 
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[0054] In a particularly preferred embodiment provided on the part of the 
control unit 26 is a timer 60 which is started with the delivery of an 
electrostimulation pulse and which is stopped again with the occurrence of a signal 
characterising a stimulation success, on the part of the means 28 for stimulation 
outcome monitoring. The time detected in that manner by the timer 60 is a 
measurement of the degree to which an electrostimulation pulse is super-threshold, 
that is to say by how much the electrostimulation pulse is above the stimulus 
threshold of the myocardium. In the case of an only slightly super-threshold 
stimulation pulse the time detected by the timer 60 between the delivery of an 
electrostimulation pulse and the occurrence of stimulation success is longer than in 
the case of a greatly super-threshold stimulation pulse. 

[0055] The control unit 26 is therefore preferably so designed that it causes a 
reduction in the stimulation pulse intensity, to save energy, if the time detected by 
the timer 60 is particularly short, for example shorter than a millisecond. 

[0056] Figures 3a and b show by way of example the voltage detected by the 
means 28 for stimulation outcome monitoring in the event of successful 
electrostimulation. Figure 3b in that respect is a view on an enlarged scale of a 
portion of Figure 3a. 

[0057] Figure 4 shows the signal which occurs at the output of the 
differentiating member 52 (curve a) and at the output of the dividing member 54 
(curve b) respectively. 
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